Abstract Malalignment is known to affect the medial-tolateral load distribution in the tibiofemoral joint. In this longitudinal study, we test the hypothesis that subchondral bone surface areas functionally adapt to the load distribution in malaligned knees. Alignment (hip-knee-ankle angle) was measured from full limb films in 174 participants with knee osteoarthritis. Coronal magnetic resonance images were acquired at baseline and 26.6 ± 5.4 months later. The subchondral bone surface area of the weightbearing tibiofemoral cartilages was segmented, with readers blinded to the order of acquisition. The size of the subchondral bone surface areas was computed after triangulation by proprietary software. The hip-knee-ankle angle showed a significant correlation with the tibial (r 2 = 0.25, P \ 0.0001) and femoral (r 2 = 0.07, P \ 0.001) ratio of medial-to-lateral subchondral bone surface area. In the tibia, the ratio was significantly different between varus (1.28:1), neutral (1.18:1), and valgus (1.13:1) knees (analysis of variance [ANOVA]; P \ 0.00001). Similar observations were made in the weight-bearing femur (0.94:1 in neutral, 0.97.1 in varus, 0.91:1 in valgus knees; ANOVA P = 0.018). The annualized longitudinal increase in subchondral bone surface area was significant (P \ 0.05) in the medial tibia (?0.13%), medial femur (?0.26%), and lateral tibia (?0.19%). In the medial femur, the change between baseline and follow-up was significantly different (ANOVA; P = 0.020) between neutral, varus, and valgus knees, with the increase in surface area being significantly greater (P = 0.019) in varus than in neutral knees. Tibiofemoral subchondral bone surface areas are shown to be functionally adapted to the medial-to-lateral load distribution. The longitudinal findings indicate that this adaptational process may continue to take place at advanced age.
The ability of tissues to emerge and maintain their structure in accordance with specific environmental requirements has been termed ''functional adaptation'' [1] [2] [3] [4] [5] , and the adaptation of musculoskeletal tissues to mechanical loading has been a key topic in mechanobiology research: physical exercise has been shown to increase bone and muscle mass (i.e., bodybuilding), whereas states of inactivity or microgravity have been associated with tissue atrophy [6, 7] . In bone, functional adaptation of tissue to mechanics has been termed Wolff's law [5] and has been characterized mathematically [1] , more recently as a cell-mediated process in which osteocytes act as mechanical sensors and orchestrate the function of other (bone forming and bone resorbing) cells through biochemical signaling [8] .
Malalignment is known to alter the load distribution between the medial and lateral tibiofemoral compartment, with greater loads being transferred through the medial tibiofemoral compartment in neutral and varus knees, and with relatively greater loads through the lateral compartment in valgus knees [9] [10] [11] [12] [13] [14] . Hurwitz et al. [15] were the first to report a significant relationship of the ''dynamic'' mediolateral load distribution in the tibiofemoral joint, as predicted from gait measurement, with bone mineral content measured in the proximal tibia by dual X-ray absorptiometry. Müller-Gerbl [16] used computed tomography to study subchondral density in patients with malalignment and described characteristic density patterns for varus knees, which became more similar to those of normal knees 1 year after corrective osteotomy. Recently, Thorp et al. [17] confirmed that both static markers (knee alignment angle) and dynamic markers of knee loads (knee adduction angular momentum for the entire stance phase) each explained 18% of the variability of proximal tibial bone mineral density (measured with dual X-ray absorptiometry) in subjects with mild and moderate knee osteoarthritis.
Bone density, however, is only one aspect of adaptation (remodeling); bone is also able to change its geometry or form (modeling) [1] . However, whether the size of the subchondral bone surface area is phenotypically plastic and able to functionally adapt to joint loading has not been clearly established: Lieberman et al. [18] reported that diaphyseal cross-sectional geometry significantly differed between sedentary and exercised sheep of various ages but found no significant differences in subchondral bone surface areas. Plochocki et al. [19] , in contrast, showed the size of the femoral head surface to be significantly larger in growing mice with voluntary access to physical activity than in controls without such access. When investigating directional asymmetry in human skeletons, Plochocki [20] found the subchondral bone surface areas of the right upper limb to be significantly larger than those of the left upper limb. In the human second metacarpal, Lazenby et al. [21] recently also observed the mediolateral (but not the dorsopalmar) dimensions of the subchondral bone surfaces to be significantly larger on the right-hand side, but pointed out that the side differences in subarticular bone microarchitecture and diaphyseal bone geometry were quantitatively more important.
In a previous study [22] , we measured joint surface areas on the basis of magnetic resonance images (MRI) and found triathletes to exhibit larger knee joint surfaces than sedentary subjects. It was concluded that adaptation of subchondral bone surface area may keep stresses in synovial joints within acceptable limits of cartilage tissue tolerance because higher loads are distributed over a wider area. Here, we test the hypothesis that the ratio of medialto-lateral subchondal bone area in the tibia and femur is adapted to alignment and shows significant differences between neutral, varus, and valgus knees. Second, we test the hypothesis that subchondral bone surface areas increase with age, but that the increase is also significantly affected by knee alignment.
Methods
The participants were from a community-recruited cohort of a natural history study of knee osteoarthritis (Mechanical Factors in Arthritis of the Knee, second cycle [MAK-2]). The participants had definite tibiofemoral osteophytes in one or both knees (Kellgren/Lawrence grade C2, as determined from anteroposterior weight-bearing radiographs acquired in a semiflexed position with fluoroscopic control [23] ), and a Likert category of at least ''a little difficulty'' for two or more items in the WOMAC physical function scale. Approval was obtained from the Office for the Protection of Research Subjects-Institutional Review Boards of Northwestern University and Evanston Northwestern Healthcare. Written consent was obtained from all participants.
To assess the hip-knee-ankle angle, a single anteroposterior radiograph of both legs was obtained by using a 51 9 14-inch graduated grid cassette, to include the full limb of the participants [24] . All radiographs were obtained in the same unit by two trained technicians. The tibial tubercle was used as positioning landmark because it is adjacent to the knee but not distorted by osteoarthritis. Participants stood without footwear, with tibial tubercles facing forward. The X-ray beam was centered at the knee at a distance of 2.4 m. Alignment was analyzed as a continuous variable at baseline by measuring the angle formed by the intersection of the line connecting the centers of the femoral head and intercondylar notch with the line connecting the centers of the surface of the ankle talus and tips of the tibial spines (hip-knee-ankle angle). Knees with a hip-knee-ankle angle of -2°to ?2°were classified as neutral, those with[2°as varus, and those with less than2°as valgus.
The participants underwent MRI of both knees with a commercial knee coil and one of two whole-body scanners, either a 1.5 Tesla (T) Symphony at Northwestern University (Siemens, Erlangen, Germany) or a 3-T Genesis Signa Scanner at Evanston Health Care (GE Healthcare Technologies, Waukesha, WI). Baseline and follow-up images for each individual patient were always acquired with the same piece of equipment. The mean ± standard deviation (SD) observation interval was 26.6 ± 5.4 months, with a range of 14-50 months. For quantitative measurement of the tibiofemoral subchondral bone surface areas, a previously validated [25] [26] [27] [28] coronal spoiled gradient echo sequences with water excitation were acquired with a slice thickness of 1.5 mm and an in-plane resolution of 0.31 mm (field of view 16 cm, 512 9 512 matrix, NEX = 1). The repetition time (TR), echo time (TE), and flip angle were 18.6 ms/9.3 ms/15°on the 1.5-T scanner, and 12.2 ms/ 5.8 ms/9°on the 3-T scanner, respectively. The MRI data were sent to the image analysis center on CD ROM, quality controlled, and converted to a proprietary format (Chondrometrics GmbH, Ainring, Germany).
One knee per participant was studied. When baseline and follow-up data sets of good quality and without artifacts of both knees were available, the dominant knee was included, the dominant leg being determined by asking with which leg the participant would kick a ball. In total, 174 knees were selected (157 dominant, 17 nondominant knees, 145 right knees, 29 left knees). The 174 participants (76% women, 24% men) were aged 66 ± 11.1 years (mean ± SD) and had a body mass index of 30.1 ± 5.9 kg/m 2 . Seventy-four knees showed neutral alignment (range -2°to ?2°; mean ± SD = 0.2 ± 1.3°), 57 varus malalignment (?6.5 ± 4.1°, maximum = 19°), and 43 valgus malalignment (-5.3 ± 2.5°, minimum = -13°).
Segmentation of the subchondral bone surface area was performed manually by 12 readers with formal training in knee cartilage segmentation by proprietary software (Chondrometrics GmbH, Ainring, Germany). The total subchondral bone surface area (tAB) of the medial tibia (MT), lateral tibia (LT), central (weight-bearing) medial femoral condyle (cMF), and central lateral femoral condyle (cLF) were traced (Figs. 1 and 2), including denuded areas, but excluding osteophytes [29] . The weight-bearing region of the femoral condyles was analyzed between the intercondylar notch and 60% of the distance to the posterior end of the femoral condyles [30, 31] . Because posteriorly the femoral condyles curve upward, the partial volume effect become too high here for the subchondral bone surface interface to be clearly delineated in coronal images [30] . Quality control of all segmentations was performed by one reader (F.E.) reviewing all segmented slices of all data set [26, 30] . The segmentations were then used to compute the total area of subchondral bone surface by triangulation (tAB).
The ratio of medial-to-lateral tibial (MT/LT) and femoral (cMF/cLF) subchondral bone surface area at baseline was computed for each participant, correlated with the hipknee-ankle angle (as a continuous variable) by determining the coefficient of determination (r 2 ), and then compared between neutral, varus, and valgus knees by a one-way ANOVA with knee joint alignment as the between-subject variable. When the ANOVA indicated a significant effect of alignment, unpaired two-sided t-tests were used to identify between which of the groups significant differences were present, with the number of (parallel) tests Fig. 1 Coronal MRI, acquired with spoiled gradient echo sequence with water excitation. The image shows the tibiofemoral cartilage plates: a MT = medial tibia, LT = lateral tibia, cMF = medial weight-bearing femur; cLF = lateral weight-bearing femur. The subchondral bone areas that were segmented in the medial and lateral compartment are shown in b and c, respectively being restricted to varus vs. neutral and valgus vs. neutral, respectively. The longitudinal change in subchondral bone surface area from baseline to follow-up was determined in each knee after adjusting individual changes to a 12-month observation period, and a paired t-test was used to identify whether the changes between baseline and follow-up were statistically significant. A one-way ANOVA with knee joint alignment as the between-subject independent variable was used to compare changes in MT, LT, cMF, and cLF between varus, valgus, and neutral knees. Again, when ANOVA indicated a significant effect of alignment, unpaired two-sided t-tests were used to identify between which of the groups (varus vs. neutral, valgus vs. neutral) significant differences were present.
Results
The hip-knee-ankle angle showed a significant correlation with the baseline values of the tibial medial-to-lateral ratio of subchondral bone surface area (r 2 = 0.25, P \ 0.0001, 95% confidence interval = 0.14 to 0.36). The correlation with the weight-bearing part of the femoral medial-to-lateral bone area was also significant, but somewhat weaker (r 2 = 0.07, P \ 0.001, 95% confidence interval = 0.01 to 0.16) (Fig. 3) .
The size of the subchondral bone surface areas in the medial and lateral tibia and in the medial and lateral weight-bearing femur for valgus, neutral, and varus knees at baseline are shown in Table 1 . The ratio between the medial-to-lateral tibial subchondral bone surface area at baseline (1.18 ± 0.12 in neutral 1.28 ± 0.17 in varus and 1.13 ± 0.13 in valgus knees) differed significantly (P \ 0.00001) between alignment groups (ANOVA). Unpaired t-tests revealed that the medial-to-lateral tibial ratio was significantly (P = 0.00017) higher in varus than in neutral knees, and significantly (P = 0.014) lower in valgus than in neutral knees. Similar observations were made in the weight-bearing femur (0.94 ± 0.08 in neutral, 0.97 ± 0.11 in varus, and 0.91 ± 0.07 in valgus knees), with ANOVA revealing significant difference between alignment groups (P = 0.018). However, t-tests failed to reveal significant differences in femoral subchondral bone surface ratio between varus and neutral, and valgus and neutral knees, respectively.
Longitudinally between baseline and follow up, the subchondral bone surface area increased significantly (P \ 0.05, paired t-test) across all knees in the medial tibia Table 2 . The increase in subchondral bone surface area was significantly correlated with the hip-knee-ankle angle in the medial weight-bearing femur (r 2 = 0.03, P \ 0.05, 95% confidence interval = 0.0004 to 0.10), but not in the lateral femur or tibial surfaces (Fig. 4) . The one-way ANOVA revealed that alignment (neutral, varus, valgus) significantly affected the change in the medial femoral bone surface areas between baseline and follow-up (P = 0.020), but not in the lateral femur (P = 0.12) or in the tibial bone surfaces. The longitudinal increase in cMF was significantly (P = 0.019) greater in varus than in neutral knees (t-test).
Discussion
Although some previous research suggests that subchondral bone surfaces adapt their size in response to mechanical loading, other studies have suggested that joint morphology is highly canalized at the species level (articular constraint model; [18, 21] ). We here used a malalignment model to address this question because it has been established that the ratio of medial-to-lateral load magnitudes varies substantially between neutral, varus, and valgus knees and the effect on medial-to-lateral bone The MT/LT and cMF/cLF ratios significantly differed between neutral, varus, and valgus knees (analysis of variance); MT, LT, cMF and cLF were not tested directly for significant differences between neutral varus and valgus knees because these are more strongly affected by intersubject differences in bone size than the MT/LT and cMF/cLF ratios SD, standard deviation, MT medial tibia, LT lateral tibia, cMF weightbearing medial femur, cLF weight-bearing lateral femur SD standard deviation, MT medial tibia, LT lateral tibia, cMF weightbearing medial femur, cLF weight-bearing lateral femur surface areas can be investigated in the same knee. The results of our study suggest that subchondral bone size/ geometry functionally adapts to the individual load pattern of malaligned knees and thus provides an indication that articular morphology may be subject of functional adaptation and phenotypic plasticity in bones of matured humans. Strengths of the study include the following: malalignment was determined at baseline from full limb X-rays to determine the accurate mechanical axis (hip-knee-ankle angle) rather than from knee radiographs only; subchondral bone surface area was reconstructed and quantified in 3D with an magnetic resonance sequence and image analysis process that has been thoroughly validated in the context of cartilage volume and thickness measurements and measurements of subchondral bone surface areas [28, 32] ; testretest reproducibility errors of these measurements have previously been shown to be low [33, 34] ; and adaptational processes of the bone were not only evaluated cross-sectionally but also longitudinally over an average 2-year observation period.
This study also has several limitations. (1) Despite the relatively large number of participants, the sample size was relatively modest in view of the relatively small effect (increase in subchondral bone surface area with time) that was investigated. (2) Static knee alignment was measured, but not dynamic loading [35] . It is known that static measurements predict approximately 50% of the variability in knee adduction moments [36] , and Thorp et al. [17] found that static and dynamic measurements each explained the same proportion (18%) of the variability of proximal tibial bone mineral density in subjects with knee osteoarthritis. (3) The technique used to ascertain femoral bone area on the basis of coronal MRI may not fully capture the expansion occurring in the anteroposterior direction. (4) The study was limited to participants with established symptomatic and radiographic osteoarthritis, and therefore, conclusions cannot be readily generalized to healthy joints. During the segmentation process, osteophytes were not included in order to avoid the subchondral bone surface areas to be affected by osteophyte growth. A previous cross-sectional study [37] and a longitudinal study [38] have described an increase in tibial bone area in osteoarthritic patients, with the latter reporting relatively large increases (2.2 ± 6.9% and 1.5 ± 4.3% per annum in MT and LT, respectively). A later study by the same group [39] reported an increase of tibial bone area also in healthy women (1.2% per annum in the medial and 0.8% in the lateral tibia), and in a multicenter study, we recently found a statistically significant increase of 0.3% of the tibial and femoral subchondral bone surface area over a period of 3 months [40] . This increase did not differ significantly between healthy knees (n = 97) and those with symptomatic knee osteoarthritis (n = 61). An age-related expansion of bone cross sectional areas in the order of 0.18-0.60% per year has also been observed at other skeletal locations, such as the vertebrae, the femoral neck, and the femoral shaft in a cohort of 1715 individual aged 67-93 years [41] . Similar increases were observed at the distal radius and distal tibia in a cohort of 696 subjects aged 20-97 years [42] .
In view of these findings, we believe that the increase of subchondral bone surface area over time is not specific to knees with osteoarthritis [38, 43] and that osteophytes did not affect the measurement. However, we cannot exclude that unicompartimental osteoarthritis had an effect on the medial-to-lateral ratio of subchondral bone surface area at baseline and on the ratio of the increase with time through other mechanisms. To this end, a study in nonarthritic cohort would be necessary.
One previous study has looked at the relationship of alignment, cartilage volume, tibial (but not femoral) bone area, and chondral defects in a cohort of subjects consisting of 256 nonosteoarthritic and 56 arthritic knees [44] . Alignment was determined from knee radiographs (not full limb films) and the tibial bone area from a single axially reconstructed slice of sagittal MRI scans. It is, however, somewhat unclear how the curved medial and lateral subchondral bone surface area can be accurately assessed from a single plane measurement without including the intercondylar area. The authors reported the baseline lateral tibial bone area to be significantly higher in valgus (12.7 cm 2 ) than in normal knees (12.0 cm 2 ), but no significant differences were observed between varus and normal knees, or in the medial tibia. The change in medial tibial bone area was significantly lower (-0.2% per annum) in valgus knees than in normal (?0.6%) knees, but the authors concluded that overall there was no statistically significant association between varus/valgus alignment and change in tibial bone area (or cartilage volume loss/or progression of chondral defects). This negative finding persisted after stratifying for osteoarthritic and nonosteoarthritis subjects.
In contrast, we found a highly significant correlation of the medial-to-lateral ratio of the tibial subchondral bone surface area with hip-knee angle and highly significant differences between varus, valgus, and neutral knees. In the femur, the correlation was somewhat less strong but still significant. The cartilage plates generally displayed an increase of the subchondral bone surface area over time, and in the femur, the increase was significantly different between varus and valgus knees. These results are exciting because they suggest that the size of the subchondral bone surface area adapts to mechanical loading, and that this adaptation may persist up to advanced age. Whereas from the perspective of bone fracture, adaptation by increased density provides increased structural strength of bones, adaptation of the subchondral bone surface area may be a more efficient mechanism of protecting the diarthrodial joint from undue stress. The increase in bone area may distribute the load over a wider area and thus reduces mechanical stress acting on the cartilage surface, whereas an increase in subchondral bone density (and stiffness) has no cartilage-protective effect. We have previously reported that the subchondral bone surface area is significantly higher in triathletes compared with physically inactive controls [22] and is more highly correlated to body weight across a wide range of species than cartilage thickness (Grams, Dissertation, LMU München, Munich, Germany).
Taken together, these results suggest that knee joint morphology is not constrained but phenotypically plastic, and that adaptation of subchondral bone surface area to mechanical loading may be a principle of functional adaptation of synovial joints. There are, obviously, limits to the effectiveness of this process. The size of the medial tibia in varus was 10% higher than in neutral knees, whereas the increase in load is likely much higher than that [9] [10] [11] [12] [13] [14] . Nevertheless, because malalignment may start with small offsets from the normal hip-knee-ankle angle and may become stronger once the cartilage and meniscus degenerate and the joint space narrows [45] , adaptation of subchondral bone surface area may provide initial protection and explain the relatively high number of varus and valgus knees that do not develop osteoarthritis [46, 47] . Once osteoarthritis develops, however, one has to take into account that whereas the subchondral area may still increase, this does not capture the curvature/congruity of the joint surfaces, and with focal remodeling and attrition, the resulting contact area and mechanical stress may be negatively affected to still lead to a vicious circle of joint degeneration.
In conclusion, our findings suggest that tibiofemoral subchondral bone surface area functionally adapts to the medial-to-lateral load distribution in the knee. The longitudinal findings indicate that the ability of bone to modify its shape depending on mechanical loading may continue to take place at advanced age. This may be a general principle by which joints keep mechanical stress within the limits of cartilage tolerance.
